Introduction the concentration of free cGMP in the recipient cell. Since the response of these channels is rapid and does Cyclic GMP (cGMP) is a crucial intracellular messenger not desensitize, activation of the channels is a highinvolved in many physiological processes, including fidelity indicator of cGMP. phototransduction (Yau and Baylor, 1989; Pugh and In this study, we use the patch-cramming method to Lamb, 1990) , regulation of smooth muscle contraction monitor the effect of muscarinic agonists and NO on (McDonald and Murad, 1996) , and neuronal function cGMP in single differentiated neuroblastoma cells. Mus- (Jaffrey and Snyder, 1995) . cGMP is particularly imporcarinic receptors are important for mediating the slow tant in mediating responses to transmitters such as acesynaptic effects of ACh in sympathetic neurons (Hashitylcholine (ACh), bradykinin, and natriuretic peptides guchi et al., 1982; Kobayashi et al., 1992) , which share (Burgess et al., 1989; Goy, 1991; Kobayashi et al., 1992) . many physiological and biochemical properties with In addition, most of the effects of NO have been attribneuroblastoma cells (Kimhi et al., 1976) . Activation of uted to activation of soluble guanylate cyclase and promuscarinic receptors leads to G protein-mediated production of cGMP (Schmidt et al., 1993a) . In both the duction of IP 3 (Briggs et al., 1985) , which triggers Ca 2ϩ hippocampus and the cerebellum, there is evidence that release from internal stores (Thompson et al., 1995) . In cGMP is an important intracellular messenger involved turn, the elevated Ca 2ϩ activates NO synthase, resulting in the initiation of long-term potentiation (LTP) and longin production of NO (Forstermann et al., 1990 ; Thompson term depression (LTD) of synaptic transmission (Hawkins et al., 1995) . NO activates soluble guanylate cyclase, et al., 1994; Gage et al., 1997; Lev-Ram et al., 1997) .
leading to production of cGMP (Ignarro, 1990 ; Hu and While there is a growing awareness about the physiologel-Fakahany, 1993). The muscarinic-induced elevation ical importance of cGMP and much is known about the of cGMP plays a role in several physiological functions, biochemistry of cGMP signaling cascades, very little is including refilling of intracellular Ca 2ϩ stores (Harrington known about the intracellular dynamics of cGMP in living and and modulation of slow synaptic cells.
potentials (Kobayashi, 1982; Briggs, 1992) . Several methods have been developed for measuring Muscarinic receptors also initiate other signaling cascades involving different downstream events, including direct G protein modulation of ion channels (i.e., M chan- kinase C (Kobayashi et al., 1992; Brown et al., 1997) . In M), and it is activated by cAMP only at much higher concentrations (Ͼ100 M) ( Figure 2A ). Like most other addition, there are feedback mechanisms that regulate CNG channels, RONS2 has voltage-insensitive gating muscarinic signaling cascades; for example, elevated and exhibits no desensitization, even with continuous Ca 2ϩ activates Ca 2ϩ /calmodulin-dependent phosphodicGMP application for many minutes. In addition, Ca 2ϩ / esterase (PDE), which may lower levels of cGMP (Beavo, calmodulin, which can modulate the sensitivity of certain 1995). This complex "spaghetti network" of intracellular CNG channels (Molday, 1996) , and NO, which can disignals makes it difficult to assess the roles of individual rectly activate the rat olfactory CNG channel (Broillet biochemical processes in determining muscarinic efand Firestein, 1996) , have no direct effect on RONS2 fects. The ability to detect cGMP adds a new reference and do not modulate its sensitivity to cGMP ( Figure 2B ). point for monitoring this particular signaling cascade,
The cyclic nucleotide sensitivity of CNG channels can revealing new insights and providing a more comprebe modulated by phosphorylation (Gordon et al., 1992 ; hensive view of cell signaling. Molokanova et al., 1997; Muller et al., 1998) . Rod CNG channels expressed in oocytes exhibit a gradual inResults crease in cGMP sensitivity (decrease in K 1/2 ) after patch excision, owing to dephosphorylation by membraneThe Patch-Cram Method associated tyrosine phosphatases (Molokanova et al., Figure 1 shows a diagram of the patch-cram method 1997). This process can be partially reversed by adding for monitoring cGMP. First, a glass patch pipette is used 0.1-1 mM ATP, suggesting that membrane-associated to obtain a cGMP detector patch, which is an insidetyrosine kinases can decrease cGMP sensitivity by out, excised patch from a Xenopus oocyte expressing phosphorylating either the channel or some closely asa high density of CNG channels. Second, to calibrate sociated accessory protein. We have found that similar the patch, various concentrations of cGMP are applied changes in cGMP sensitivity occur in RONS2 channels to elicit CNG current and generate a dose-response expressed in Xenopus oocytes. However, the effects curve. Next, a nystatin-perforated patch is obtained on are very small (e.g., ATP changes the K 1/2 for cGMP from the recipient cell so that the membrane potential can 3.5 M to 4.0 M over 10 min) and the sensitivity remains be voltage clamped and the leak current can be monistable when the channels are kept in the continuous tored, to give an indication of when the cell membrane presence of ATP, as would be the case in patch-cramis breached with the detector patch pipette. Finally, after ming experiments once the detector patch is inserted the detector patch pipette is inserted ("crammed") into into the recipient cell. Furthermore, calibrations of the the cell, neurotransmitters or other pharmacological detector patch before and after patch cramming reagents are perfused onto the cell to determine their vealed no significant change in the cGMP sensitivity effects on intracellular cGMP.
(see Figures 3, 6 , and 7). To accurately measure cGMP, the detector patch To maximize expression of CNG channels and optishould be sufficiently sensitive and selective for cGMP. mize signal resolution, oocytes were injected with a We used a chimeric CNG channel, consisting of portions large amount of CNG channel cRNA (10-15 ng/oocyte), of the bovine rod photoreceptor channel ␣ subunit resulting in excised patches containing up to 1500 (Kaupp et al., 1989) , which is highly selective for cGMP, channels. This channel density allows cGMP to be meaand portions of the rat olfactory CNG channel ␣ subunit sured with high resolution at concentrations as low as (Dhallan et al., 1990) , which is highly sensitive to cyclic 0.5 M ( Figure 2C ), even though this concentration of nucleotides. The resulting chimeric channel (RONS2; cGMP activates Ͻ1% of the total conductance. Detector Goulding et al., 1994) is both highly selective and sensipatches with fewer than 500 channels could not resolve tive for cGMP. Indeed, it is ideal for use as a biosensor Ͻ1 M cGMP and were not used for patch cramming. for cGMP because it is most sensitive in the range of
The response of detector patches to cGMP was calibrated by determining the conductance with repeated cGMP concentrations expected in cells (e.g., 0.1-10 /calmodulin alone did not produce a detector patch response. In addition, the following agents used in patch-cramming experiments had no effect on the detector patch or its sensitivity to cGMP: ODQ, IBMX, oxo-M, 7-NI, and nystatin (data not shown). (C) cGMP detector patch currents showing that Ͻ1 M cGMP, exogenously applied, can be detected with high temporal resolution. The patch was held at Ϫ75 mV, and 350 ms duration pulses to 0 mV were applied every 500 ms.
voltage pulses while applying various concentrations of (oxo-M) onto the neuroblastoma cell induced an increase in both the inward current and the conductance cGMP. In some patch-cram experiments, the recipient cell was not voltage clamped. Therefore, patch conducof the detector patch, which resembled the effect of direct application of cGMP onto the detector patch (Figtance rather than absolute current was used as an indicator of cGMP, so that the influence of cellular voltage ure 3B). Since our control experiments suggest that other intracellular messengers have no effect on the changes on the detector patch current could be disregarded. Changes in conductance upon addition and redetector patches, it is very likely that the response specifically results from a change in cytoplasmic cGMP. moval of cGMP occurred rapidly, reaching steady state within 2 s (see Figure 2C) . Figure 3C shows the calculated conductance response along with the precalibration with cGMP before cram- Figure 3A shows a recording from a detector patch and a recipient neuroblastoma cell as the patch is inming, and postcalibration at the end of the experiment, after removing the detector patch electrode from the serted into the cell. Immediately before cramming, 1 M cGMP was added to the bathing medium. To determine cell. The conductance change elicited by oxo-M reflects an apparent increase of cGMP from Ͻ1 M to nearly 5 when the detector patch entered the cell, the detector patch current was monitored. Successful impalement M. Our data are consistent with resting cGMP concentrations in most cells being ‫1ف‬ M and peak cGMP, in was accompanied by a precipitous drop in the detector patch current, indicating a low resting level of cGMP in response to saturating agonist concentrations, reaching 2-10 M. the cytoplasm. In this example, the current necessary to hold the recipient cell at Ϫ50 mV increased from 100 to 300 pA during insertion of the detector patch but
Kinetics of cGMP Responses
We used the patch-cramming method to examine the recovered within 20 s. Typically, the holding current recovered within 1 min; cells that did not recover within kinetics of cGMP responses to oxo-M and NO. Oxo-M is proposed to elevate cGMP levels through a series of 2 min were not used. In the 15% of experiments in which the recipient cell was not voltage clamped, detector events, beginning with activation of muscarinic receptors on the plasma membrane and involving Ca 2ϩ activapatch responses appeared identical to responses in voltage-clamped cells. In all patch-cramming experition of NOS, production of NO, and activation of soluble guanylate cyclase (Hu and el-Fakahany, 1993 ; Mathes ments, only cells with a diameter of Ͼ40 m were used, since smaller cells were unable to survive impalement and . In contrast, NO can diffuse into the cell and directly activate soluble guanylate cyclase. with a patch electrode (tip diameter, 1-2 m). With cell diameters of Ͼ60 m, the detector patch remained inMuscarinic activation of guanylate cyclase involves more steps than activation triggered by NO, suggesting tact and the recipient cell survived impalement ‫%04ف‬ of the time.
that muscarinic cGMP responses might have a longer delay and a slower rise than NO responses. However, Application of the muscarinic agonist oxotremorine-M cGMP responses elicited with either NOR-4 (an NO doelicited by oxo-M (8.22 Ϯ 0.44 s, n ϭ 8; see Figure 4B ). The longer delay of the oxo-M response may indeed be nor) or oxo-M have a similar rate of rise ( Figure 4A ), suggesting that the same rate-limiting step regulates due to the multiple upstream events leading to activation of guanylate cyclase. cGMP production. NO acts directly on guanylate cyclase; therefore, cGMP synthesis is likely to be rate
To confirm the involvement of NOS and soluble guanylate cyclase in the elevation of cGMP, we examined limiting. The rapid response of detector patches to perfusion of cGMP ( Figure 2C ) or photolysis of caged cGMP oxo-M and NO responses after preincubation of neuroblastoma cells with specific, membrane-permeant inhib-(Ͻ300 ms; unpublished data) suggests that cGMP detection itself is not rate limiting.
itors of each enzyme. Figure 5A shows that the oxo-M response was eliminated by ODQ, an inhibitor of guanylDespite the similar rate of rise, responses to oxo-M and NO have a different falling phase. Responses to NO ate cyclase, and almost completely blocked by 7-nitroindazole (7-NI), an inhibitor of NOS ; often return to a baseline level of cGMP that is slightly higher than before NO application, perhaps indicating Silva et al., 1993) . In contrast, the NOR-4 response was blocked by ODQ but was unaffected by 7-NI ( Figure 5B ). some accumulation of basal cGMP. In contrast, oxo-M responses often have a marked undershoot, resulting
These results are consistent with the notion that the muscarinic response involves production of NO by NOS in a significantly lower baseline level of cGMP. This decrease in basal cGMP must result from a change in the leading to activation of guanylate cyclase, whereas the NOR-4 response results from direct activation of guanylequilibrium of resting cGMP production and degradation after muscarinic activation. Incubating the cells for 10 ate cyclase by NO. min with 10 M ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one), a specific inhibitor of soluble guanylate Plasticity of cGMP Responses G protein-coupled receptors, such as muscarinic ACh cyclase (Garthwaite et al., 1995) , reduced basal cGMP to undetectable levels, confirming that there is a high receptors, often exhibit desensitization after prolonged activation (Grady et al., 1997) . Mechanisms contributing level of cGMP synthesis at rest. The latency of the cGMP response after NO application was 5.13 Ϯ 0.29 s (n ϭ to receptor desensitization include phosphorylation by receptor kinases (e.g., ␤ARK or protein kinase C; Haga 8), which was significantly shorter than the response volve an inability to produce cGMP because of depletion of cytoplasmic GTP. It also suggests that there is no feedback inhibition of guanylate cyclase by cGMP. et al., 1993) and receptor internalization (Liles et al., Surprisingly, muscarinic activation not only inhibited 1986). However, changes in the magnitude of muscarinic subsequent responses to oxo-M, it also suppressed the responses might also result from downstream changes cGMP response to NO. Figure 7 shows that NOR-4 appliin the signaling cascade. Muscarinic elevation of cGMP cations that followed oxo-M responses were completely in sympathetic neurons and neuroblastoma cells has unable to elevate cGMP. This long-term suppression been reported to decrease with repeated or continuous (LTS) of cGMP persists for Ͼ30 min and occurred in stimulation (Cioffi and el-Fakahany, 1989; Hu and elevery cell tested (n ϭ 14). To rule out the possibility that Fakahany, 1993; Ando et al., 1994) . Our evidence sug-LTS of cGMP is caused by a change in sensitivity of the gests that the decrement of cGMP responses is primarily CNG channels in the detector patch, in most experidue to downstream events that are independent of rements, the patch was recalibrated at the end of the ceptor desensitization. experiment after removing it from the cell. In addition, We examined the cGMP response to prolonged or applications of 8-pCPT-cGMP (8-para-chlorothio-cGMP), repeated muscarinic activation using the patch-cram a nonhydrolyzable membrane-permeant analog of cGMP, technique. During prolonged applications of oxo-M (3 produced consistent, repeatable responses while the min), the cGMP level first rose at least 5-fold and then patch was within the cell, even after LTS, confirming rapidly declined to below baseline levels, even in the that the sensitivity of the biosensor did not change (data continued presence of agonist ( Figure 6A ). Repeated 1 not shown). min oxo-M applications triggered cGMP transients that
We have further considered the possibility that the declined progressively, such that by the third applicadecrement of cGMP responses following muscarinic action, there was no rise in cGMP ( Figure 6B ). The loss of tivation results from a reduction in the pool of cytooxo-M responsiveness was sustained, such that cGMP plasmic GTP available as a substrate for cGMP synthesis. To further test this possibility, we applied isobutyl elevations were completely eliminated for at least 15 Figure 8B produced a large rise in cGMP, which persisted after application of oxo-M, unlike the response to shows that the rising phase of the cGMP response to IBMX is nearly identical before and after induction of ure 8A). The persistence of the IBMX response indicates that oxo-M does not deplete cytoplasmic GTP. The ob-LTS, suggesting that basal guanylate cyclase activity is unchanged during LTS. servation that IBMX alone elicits an increase in cytoplasmic cGMP in neuroblastoma cells supports the no- Figure 9 summarizes results from many experiments in which the same agonist (e.g., NO or oxo-M) was aption that both guanylate cyclase and PDE have relatively high basal activities. If LTS is associated with a decrease plied three times in succession or in which different agonists were alternated. Responses to repeated appliin guanylate cyclase activity, the rate of cGMP production should decrease after the induction of LTS. We cations of NO did not decrease, unlike responses to To determine if LTS occurs in sympathetic neurons, we used an enzyme-immunoassay to measure total cGMP in rat superior cervical ganglion cells. These results were compared with similar measurements from neuroblastoma cells. The cGMP response to oxo-M in sympathetic neurons was reduced by 82% Ϯ 14% (n ϭ 3) by preincubation with 7-NI, suggesting that sympathetic neurons and neuroblastoma cells both utilize a common biochemical cascade involving NOS for mediating muscarinic production of cGMP, consistent with previous studies (Sheng et al., 1993; Ando et al., 1994) . To investigate LTS, agonists (oxo-M and NOR-4) were applied in the same sequences as in patch-cramming experiments, and cells were collected before and during each agonist treatment. When NO was applied repeatedly, each NO application generated consistent increases in cGMP in both neuroblastoma cells ( Figure  10A ) and sympathetic neurons ( Figure 10C ). However, when oxo-M was used, the muscarinic agonist suppressed the subsequent NO-induced increase in cGMP, in both cell types ( Figures 10B and 10D) . Hence, these results parallel those of patch-cramming experiments and demonstrate that the suppression of cGMP production is not limited to neuroblastoma cells but may be a general property of other mammalian neurons.
Additional biochemical experiments were performed was not statistically significant (p ϭ 0.28, paired t test). Thus, LTS does slowly recover but requires more than repeated oxo-M. NO had no effect on oxo-M responses, 30 min and possibly hours to recover from a 2 min appliwhereas oxo-M nearly completely eliminated cGMP recation of muscarinic agonist. sponses to NO. LTS was dramatic and persistent; at 2 and 30 min after oxo-M application, the ability of NO to Discussion elevate cGMP was suppressed by 97.7% Ϯ 1.5% and 99.4% Ϯ 1.2%, respectively. Other muscarinic agonists Application of the Patch-Cramming Method (muscarine, carbachol, and ACh) also produced LTS.
to Detection of cGMP However, the response to IBMX was only slightly rePatch cramming utilizes ion channels gated by a given intracellular ligand for monitoring levels of that ligand duced by application of oxo-M. (E) The timecourse of recovery from LTS. Each bar represents the level of cGMP in response to the third and final agonist application (n ϭ 4). In the N4/N4/N4 experiments, there was no significant suppression of cGMP during the third application, whereas with N4/OX/N4, cGMP was significantly suppressed for at least 30 min. Indicated times represent intervals between the end of the second agonist application (shown in the timelines by the asterisk) and the beginning of the third.
in an intact heterologous cell (Kramer, 1990) . In this m. Cells large enough for patch cramming may include sympathetic and parasympathetic neurons, dorsal root study, cGMP-selective electrodes were manufactured using CNG channels as biosensors, providing the first ganglion neurons, retinal horizontal cells, and possibly cerebellar Purkinje neurons. Appropriate nonneuronal measurements of cGMP in a living cell. Alternate methods for monitoring cGMP have not been described. Even cell types include skeletal or cardiac myocytes and oocytes. if a cGMP-sensitive indicator comparable to FlCRhR were developed, in certain respects the patch-cram method would have advantages over such optical meth-LTS of cGMP and Its Possible Underlying Mechanisms ods. The detector patch electrode is easy to calibrate, both before and after an experiment, and responds to
The continuous monitoring of cGMP, made possible with the patch-cramming technique, has revealed a recGMP rapidly and consistently. Unlike FlCRhR, the detector patch will not significantly alter or buffer the level markable new phenomenon in which muscarinic activation triggers LTS of subsequent cGMP responses. Reof cyclic nucleotides in cells. Moreover, the kinetics and spatial resolution of the FlCRhR method are confounded peated or prolonged activation of G protein-coupled receptors induces homologous receptor desensitizaby compartmentalization and mixing of the subunits with native cyclic nucleotide-regulated proteins (Adams et tion. Mechanisms contributing to this process include phosphorylation and internalization of the receptor proal., 1991), problems that will not occur with patch cramming. One disadvantage is that the detector patch moniteins. We feel that these processes cannot underlie the LTS of cGMP described here. The M1 receptor is retors cGMP at a single site within a cell, whereas optical imaging with indicator dyes can provide information sponsible for muscarinic modulation of ionic currents (e.g., M current; Hamilton et al., 1997) and can regulate about spatial distribution. Also, patch cramming utilizes a relatively large pipette, requiring the use of a sufficGMP (Mathes et al., 1992) in neurons. Binding studies show that desensitization of the M1 receptor, involving ciently large recipient cell. So far, the lower limit of cell diameter for successful patch cramming has been ‫04ف‬ phosphorylation by protein kinase C (Lai et al., 1990) and internalization (Liles et al., 1986) , occurs with a t 1/2 detector patch sensitivity to cGMP (Figure 2 ). For these reasons, we are confident that the detector patch is of ‫5ف‬ min (Cioffi and el-Fakahany, 1989), much more slowly than LTS of cGMP, which requires Ͻ1 min of specific for cGMP and is stable during patch-cramming experiments. agonist application. Furthermore, cGMP suppression is sustained for up to 2 hr, whereas recovery from homologous receptor desensitization is complete within 30 min Functional Significance of cGMP and LTS (Feigenbaum and el-Fakahany, 1985) . Moreover, muscaIdentifying specific physiological functions for cGMP in rinic suppression of the M current in sympathetic neuneurons has been elusive, in part because methods for rons exhibits little desensitization when agonists are detecting cGMP have been unavailable. Nonetheless, it applied for periods as long as 10 min (Adams et al., is likely that cGMP is important both for directly mediat-1982). Finally, LTS applies not only to muscarinic elevaing synaptic events and contributing to plasticity. In tion of cGMP but also to elevation induced by NO. Thus, sympathetic ganglia, cGMP may mediate part of the the events underlying LTS must occur downstream from slow depolarization elicited by muscarinic agonists the receptor. (Hashiguchi et al., 1982; Kobayashi et al., 1992) . In addi-NO directly activates guanylate cyclase. Therefore, tion, NO and cGMP can potentiate nicotinic synaptic LTS of responses to NO and probably to muscarinic transmission (Briggs, 1992; Southam et al., 1996) . Since agonists are not due to changes in G protein signaling muscarinic activation induces LTS, we would predict or Ca 2ϩ mobilization but rather must be due to downregthat ACh release that is sufficiently intense and proulation of guanylate cyclase, upregulation of PDE, or longed to activate muscarinic receptors should induce both. The observations that IBMX responses persist LTS and prevent NO-induced potentiation. Whereas after LTS and that the rise time of cGMP does not change some previous studies have failed to detect significant suggest that LTS is not associated with a decrease in NOS activity in rat postganglionic sympathetic neurons basal guanylate cyclase activity. However, it is possible (Anderson et al., 1993; Dun et al., 1993; , that the ability of NO to activate guanylate cyclase is 1993b), our results utilizing the specific NOS inhibitor reduced during LTS, and this could account for the in-7-NI indicate that muscarinic elevation of cGMP requires ability of NO to elevate cGMP. Finally, it is possible NOS activity in cultured neonatal postganglionic cells, that mechanisms for inactivating or scavenging NO are as it does in neuroblastoma cells. persistently upregulated by muscarinic activation, poMuscarinic regulation of M current and voltage-gated tentially contributing to LTS. Ca 2ϩ current is unlikely to involve cGMP (Mathie et al., The persistence of LTS for up to 2 hr suggests that the 1992; Caulfield et al., 1994) . However, cGMP does actiunderlying mechanism involves a covalent modification vate a nonselective cation current that may play a role (e.g., phosphorylation) of guanylate cyclase, PDE, or in refilling of intracellular Ca 2ϩ stores after IP 3 -mediated both. Since muscarinic activation leads to a Ca 2ϩ tranCa 2ϩ release Thompson, 1994, 1996 ; Thompsient that does not outlast agonist presence by more son, 1997). Indeed, changes in cGMP detected with the than 30 s (Mathes and Thompson, 1996) , it is unlikely patch-cram method have a rise time similar to this curthat Ca 2ϩ /calmodulin is responsible for maintenance of rent (Mathes and Thompson, 1996) , but it is not known LTS. However, it is possible that Ca 2ϩ is involved in whether it too exhibits LTS after prolonged or repeated induction of LTS, perhaps by triggering Ca 2ϩ -dependent muscarinic activation. phosphorylation.
Muscarinic receptors are not the only ones in these LTS is not an artifact resulting from a change in the cells that trigger a rise in cGMP. Bradykinin, ATP, angiocGMP sensitivity of the detector patch. The consistent tensin, and neurotensin activate distinct G proteincalibration responses seen before and after patch cramcoupled receptors leading to cGMP elevation through ming (see Figures 3, 6 , and 7) demonstrate that the CNG a common signaling cascade as that used by muscarinic channels were not modified in any persistent manner receptors. Activation of nicotinic ACh receptors and by exposure to the cytoplasm of the recipient cell. In voltage-gated Ca 2ϩ channels also reportedly elevate addition, application of a subsaturating concentration cGMP (Study et al., 1978) . It will be interesting to examof pCPT-cGMP (0.2 M) elicits the same conductance ine the kinetics of cGMP transients in response to these response before patch cramming and after insertion into stimuli and to investigate whether these responses are the recipient cell, even after induction of LTS (data not also suppressed after induction of LTS. shown), demonstrating that the detector patch sensitivOur kinetic experiments show that guanylate cyclase ity is not altered in a transient manner by the cytoplasmic produces cGMP at a slow rate in response to activation milieu. The detector patch membrane contains a very by NO. The observation that IBMX alone elevates cGMP high density of RONS2 channels. The only other chan- (Figure 8 and Graeff et al., 1987) suggests that there is nels intrinsic to Xenopus oocytes that might conceivably a constant turnover of cGMP owing to robust guanylate contribute to the conductance of the detector patch are cyclase and PDE activities. Activation of muscarinic reCa 2ϩ -activated Cl Ϫ channels. We find that these chanceptors leads to a rise in cGMP followed by a reduction nels are present at a relatively low density (Ͻ5 channels in the resting level, shifting the equilibrium between synper patch) compared to the RONS2 channels (Ͼ800 per thesis and degradation. The resting level of cGMP bepatch). Moreover, with 20 mM Cl Ϫ in the pipette, the fore LTS is sufficiently high ‫1ف(‬ M) to nearly saturate driving force for Cl Ϫ is minimal, such that direct applicaactivation of cGMP-dependent protein kinase (PKG), tion of Ca 2ϩ to the detector patch elicits undetectable which has a K d of 110 nM (Francis and Corbin, 1994 transmitter release from presynaptic terminals (SchuAfter access resistance declined to Ͻ60 M⍀, the membrane potential was held under voltage clamp (Ϫ50 mV), and the neuroman and Madison, 1991) . Recent studies suggest that blastoma cell was impaled with the detector patch electrode. SuccGMP mediates this effect of NO. Exogenous cGMP cessful impalement was confirmed by the appearance of an offset enhances transmitter release from cultured hippocamin the oocyte patch current due to the potential difference across pal neurons (Arancio et al., 1995) , whereas inhibition of the neuroblastoma cell membrane. During the calibration, the oocyte either soluble guanylate cyclase patch-cramming experiments because of its long half-life (60 min), which ensures that short (1-3 min) applications approximate step changes in NO concentration and allows its use during prolonged Experimental Procedures experiments (15 min) necessary for studying LTS. When individual applications of NOR-4 were used Ͼ20 min apart on the same cells, Expression and Recording from Oocyte CNG Channels a new batch of NOR-4 solution was prepared and loaded into the A cDNA clone encoding a chimeric CNG channel, RONS2 (Goulding perfusion apparatus. et al., 1994), was used for in vitro transcription of cRNA, as described previously (Goulding et al., 1992) . The cRNA was injected into Xenopus oocytes at high concentrations (50 nl/oocyte at 0.2-0.3 ng/nl) Sympathetic Neuron Cultures to obtain high levels of expression. After 2-7 days, the vitelline Superior cervical ganglia were dissected from 1-3 day postnatal membrane was removed from injected oocytes, and the denuded rats, desheathed, incubated in collagenase (1 mg/ml, 15 min), trituoocytes were carefully placed in the experimental chamber. Glass rated, and plated onto poly-L-lysine-coated plastic culture dishes patch pipettes (2-4 M⍀) were filled with a solution containing 100 at approximately one ganglion per dish. Cells were maintained in mM potassium gluconate, 20 mM KCl, and 10 mM Na-HEPES (pH DMEM with 10% horse serum, 1% pen/strep, 0.5 mM glutamine, adjusted to 7.4 with NaOH). This also served as the standard cGMP and 50 ng/ml nerve growth factor (NGF) (7S). Cultures were kept at calibration solution. After formation of a gigaohm seal, inside-out 37ЊC in an incubator with 10% CO 2 . The medium was changed twice patches were excised and the patch pipette was placed in the outlet per week and the neurons were allowed to mature for 8-10 days. of a 1 mm diameter tube for application of cGMP at various concentrations. We used a perfusion manifold, containing up to 15 different solutions, that is capable of solution changes within 200 ms. Current Biochemical Measurements of cGMP responses through CNG channels were obtained with a Warner PCcGMP was assayed in cultured neuroblastoma or sympathetic neu-505 patch clamp (Warner Instrument, Hamden, CT), filtered at 1 rons using the Biotrak enzyme-immunoassay system (Amersham kHz, digitized, stored, and later analyzed on a computer. Membrane Life Science). Cells were treated with agonist and reactions were potential was held at Ϫ75 mV for all experiments. Variability among terminated by applying 6% (wt/vol) trichloroacetic acid. Cells were measurements is expressed as mean Ϯ SEM.
scraped into microfuge tubes and centrifuged, and the supernatant was washed with diethyl ether before determining cGMP. The pellet Cell Culture was used for assaying total protein content (Biorad Protein Assay N1E-115 neuroblastoma cells (Amano et al., 1972) were maintained Kit II). in DMEM with 10% FBS at 37ЊC with 10% CO 2 . Cells were grown to 70% confluence on poly-L-lysine-coated glass coverslips before treating with 2% DMSO for 10-21 days to induce differentiation, Acknowledgments characterized by the appearance of processes, voltage-gated ionic currents, and action potentials (Kimhi et al., 1976; Moolenaar and We wish to thank Stuart H. Thompson for helpful advice and particiSpector, 1978). Culture medium was exchanged every 2-3 days and pation in preliminary experiments and Michael D. Vendiola for techcells were used in passages 5-12.
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